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The Cfd1–Nbp35 complex acts as a scaffold for
iron-sulfur protein assembly in the yeast cytosol
Daili J A Netz, Antonio J Pierik, Martin Stu ¨mpﬁg, Ulrich Mu ¨hlenhoff & Roland Lill
Biogenesis of iron-sulfur ([Fe-S]) proteins in eukaryotes requires the function of complex proteinaceous machineries in both
mitochondria and cytosol. In contrast to the mitochondrial pathway, little is known about [Fe-S] protein assembly in the cytosol.
So far, four highly conserved proteins (Cfd1, Nbp35, Nar1 and Cia1) have been identiﬁed as members of the cytosolic [Fe-S]
protein assembly machinery, but their molecular function is unresolved. Using in vivo and in vitro approaches, we found that
the soluble P-loop NTPases Cfd1 and Nbp35 form a complex and bind up to three [4Fe-4S] clusters, one at the N terminus of
Nbp35 and one each at a new C-terminal cysteine-rich motif present in both proteins. These labile [Fe-S] clusters can be rapidly
transferred and incorporated into target [Fe-S] apoproteins in a Nar1- and Cia1-dependent fashion. Our data suggest that the
Cfd1–Nbp35 complex functions as a novel scaffold for [Fe-S] cluster assembly in the eukaryotic cytosol.
Iron-sulfur clusters are ubiquitous cofactors of numerous proteins
involved in electron transfer, enzymatic catalysis and regulation of
gene expression1,2. Even though [Fe-S] cluster assembly and insertion
into apoproteins can occur in a chemical reaction, the maturation of
holoproteins in living cells is catalyzed by several surprisingly complex
biosynthetic systems. In bacteria, the [Fe-S] cluster assembly (ISC)
system is responsible for maturation of housekeeping [Fe-S] proteins,
whereas the mobilization of sulfur (SUF) system, also present in
plastids, mediates assembly under iron-limiting or oxidative stress
conditions3–6. The specialized NIF system is dedicated to the matura-
tion of the complex [Fe-S] protein nitrogenase in diazotrophic
bacteria7. In (non-plant) eukaryotes, distinct machineries have been
deﬁned that facilitate maturation of [Fe-S] proteins located in the
mitochondria, cytosol and nucleus (for recent reviews see refs. 8–10).
The ISC assembly machinery of mitochondria has been inherited in
evolution from the homologous bacterial ISC system and is required
for maturation of all cellular [Fe-S] proteins. In the best characterized
organism, Saccharomyces cerevisiae, 14 mitochondrial ISC proteins
have been identiﬁed so far, including a cysteine desulfurase acting as a
sulfur donor (Nfs1), scaffold proteins for initial cluster assembly (Isu1
and Isu2) and dedicated chaperones for cluster transfer to apo-
proteins (Ssq1 and Jac1). Evidence for a speciﬁc cytosolic [Fe-S]
protein assembly (CIA) machinery has accumulated over the last
three years, and currently four members of this machinery have been
described11–14. The CIA machinery is also involved in nuclear [Fe-S]
protein maturation. Notably, assembly of [Fe-S] proteins in the
cytosol and nucleus is strictly dependent on a functional mitochon-
drial ISC assembly machinery15–18. The latter system cooperates with
the ISC export machinery, including the mitochondrial inner
membrane ABC transporter Atm1, which exports a still-unknown
compound produced by the ISC assembly system into the cytosol15,19,
where it is used for the assembly process.
The ﬁrst component of the CIA machinery to be identiﬁed was the
essential and highly conserved P-loop NTPase Cfd1 (ref. 11). Non-
lethal mutation of CFD1 compromises the activity of cytosolic [Fe-S]
proteins in yeast. The essential CIA protein Nbp35 is related to Cfd1;
the proteins show 49% identity at the amino acid level13.A ti t s
N terminus, Nbp35 has a ferredoxin-like extension of 52 residues,
including four conserved cysteine residues that bind an [Fe-S] cluster.
In their C-terminal parts both Cfd1 and Nbp35 have a highly
conserved CX18CPXCXnC motif predicted to bind metals or [Fe-S]
clusters (Fig. 1a). The two central cysteine residues of Cfd1 (Cys201
and Cys204) are essential for cell viability, but no experimental
evidence for metal or [Fe-S] cluster binding has been reported yet11.
The remaining CIA components are Nar1, a protein that has sequence
similarity to iron-only hydrogenases and that binds two [Fe-S] clusters
of complex type12, and Cia1, a WD40 repeat protein that is involved in
a late step of biogenesis14. Depletion of individual yeast CIA proteins
results in activity loss of the cytosolic [Fe-S] enzymes isopropylmalate
isomerase (Leu1) and sulﬁte reductase (comprising Met10 and
Ecm17); depletion also leads to defective de novo [Fe-S] cluster
incorporation into several cytosolic and nuclear [Fe-S] proteins.
Despite the accumulation of phenotypic and biochemical data, the
molecular mechanism of [Fe-S] cluster maturation and the particular
functions of the four CIA components have remained elusive.
Biochemical investigations of the ISC, NIF and SUF systems have
revealed two central hallmarks underlying [Fe-S] protein biogenesis4,9.
All of these systems contain a cysteine desulfurase (termed IscS, NifS,
and SufS in bacteria or Nfs1 in mitochondria) as a sulfur donor for
biogenesis, and a scaffold protein (for example, IscU, NifU, IscA, or
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ARTICLESSufA in bacteria; Isu1 and Isu2 in mitochondria) facilitating de novo
[Fe-S] cluster assembly before its transfer to target apoproteins.
Considering that the mitochondrial form of Nfs1 is required for
cytosolic [Fe-S] protein assembly15,20–22, this protein presumably
serves as the sulfur donor for the cytosol. Presently it is unclear,
however, which component functions as a scaffold in the cytosol, and
indeed whether such a scaffold function is needed at all.
Here, we report that Cfd1 and Nbp35 form a complex in vivo.
Studies in vitro and in yeast cells show that both Cfd1 and Nbp35 bind
an [Fe-S] cluster at their C termini, in addition to the one present at
the N terminus of Nbp35. These [Fe-S] clusters can be transferred to
target apoproteins at rates much faster than those achieved via [Fe-S]
cluster assembly by chemical reconstitution. In vivo 55Fe radiolabeling
experiments deﬁne the Cfd1–Nbp35 complex as an initial site of
[Fe-S] cluster binding. The clusters are then transferred to target
apoproteins in a Nar1- and Cia1-dependent fashion. Our data are
consistent with a scaffold function of the Cfd1–Nbp35 complex and
therefore provide the ﬁrst mechanistic insights into the function of the
CIA machinery.
RESULTS
Cfd1 and Nbp35 form a stable complex
Because of the low abundance of Cfd1 and Nbp35 in S. cerevisiae23,w e
overproduced these proteins and investigated their interaction. To ease
the analyses we used C-terminal tandem-afﬁnity puriﬁcation (TAP)
and Strep tags24,25 (Supplementary Table 1 online). The TAP-tagged
proteins and tightly associated partners were isolated from cell extracts
by afﬁnity chromatography using IgG-coupled sepharose beads
(Fig. 1b). Protein staining with Ponceau S and immunostaining
speciﬁcally detecting the TAP and Strep tags showed that, even after
stringent washing, Nbp35-Strep remained tightly associated with
isolated Cfd1-TAP (Fig. 1b, lane 4). Reciprocally, substantial amounts
of Cfd1-Strep coimmunoprecipitated with Nbp35-TAP (Fig. 1b,
lane 5). In the absence of the TAP-tagged proteins, binding of the
Strep-tagged proteins to the IgG beads was not observed (data not
shown). These experiments show a speciﬁc interaction between Cfd1
and Nbp35 in yeast.
Independent evidence for complex formation between Cfd1 and
Nbp35 was obtained by heterologous expression in Escherichia coli
followed by afﬁnity puriﬁcation. We used the pET-Duet1 dual gene
expression system Qiagen, which allowed simultaneous production of
His- and Strep-tagged proteins. Afﬁnity chromatography with Ni-
NTA or Strep-Tactin resins led to the highly speciﬁc isolation of nearly
stoichiometric Cfd1–Nbp35 complexes; complex isolation was inde-
pendent of the tag used for puriﬁcation (Fig. 1c, lanes 3, 4 and 6).
Size-exclusion chromatography of the puriﬁed Cfd1–Nbp35 complex
showed a monodisperse symmetric peak corresponding to the size of a
heterotetramer (140 ± 5 kDa, Supplementary Fig. 1 online). Neither
high ionic strength (2 M NaCl) nor the presence of reducing agents
(20 mM b-mercaptoethanol) during afﬁnity puriﬁcation led to
dissociation of the complex (Supplementary Fig. 1). In summary,
our data show that Cfd1 and Nbp35 form a stable complex in vivo.
Puriﬁed Cfd1 binds a single [4Fe-4S] cluster
The Cfd1 family of proteins contains a nearly invariant C-terminal
CX18CPXCX2C motif that shows some similarity to well-known
binding motifs for [Fe-S] clusters (Fig. 1a). We therefore investigated
whether Cfd1 might be able to bind an [Fe-S] cluster (Fig. 2). Puriﬁed
recombinant Cfd1 contained minute quantities of bound Fe2+ or Fe3+
and S2– (Fig. 2a). The protein was almost colorless (Fig. 2a)a n d
showed no characteristic EPR signals, even after dithionite reduction
(Fig. 3a). However, puriﬁed Cfd1 acquired a brown color character-
istic of [Fe-S] proteins after anaerobic chemical reconstitution with
Fe2+ and S2– ions (Fig. 2b). The shallow shoulder at 400 nm in an
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Figure 1 Cfd1 and Nbp35 form a complex in vivo.( a) Schematic domain
structure of S. cerevisiae Cfd1 and Nbp35. The positions of the conserved
cysteine residues in both proteins are indicated. (b) Coimmunoprecipitation
of Cfd1 and Nbp35 in yeast. Wild-type cells were transformed with vector
p424-TDH3 containing either no insert (–) or genes encoding Cfd1-TAP,
Nbp35-TAP, Cfd1-Strep and/or Nbp35-Strep as indicated. After overnight
growth on minimal medium containing galactose, cell lysates were prepared
and TAP-tagged proteins were immunoprecipitated using IgG beads.
Coprecipitated proteins were separated by 10% SDS-PAGE, blotted onto
nitrocellulose membrane and stained with Ponceau S (top). TAP- and Strep-
tagged proteins were detected by rabbit polyclonal antibodies (a-TAP) and
monoclonal Strep-tag antibodies (a-Strep), respectively (Santa Cruz
Biotechnologies; middle and bottom). (c) Cfd1 and Nbp35 copurify after
synthesis in E. coli. Cell extracts of E. coli BL21 harboring an expression
plasmid encoding untagged, N-terminally His6-tagged or C-terminally Strep-
tagged Cfd1 and/or Nbp35 (as indicated) were subjected to afﬁnity
chromatography on Ni-NTA or Strep-Tactin resins. The respective protein
used for afﬁnity puriﬁcation is indicated by circles. Puriﬁed proteins were
separated by SDS-PAGE and stained with Coomassie.
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NATURE CHEMICAL BIOLOGY VOLUME 3 NUMBER 5 MAY 2007 279overall featureless absorbance spectrum of reconstituted Cfd1 is typical
for [4Fe-4S]2+ clusters. Upon reconstitution with up to 10 equivalents
of Fe2+ and S2– ions per Cfd1 molecule, a content of 4.7 ± 0.7 Fe and
3.9 ± 1.0 S per Cfd1 was determined (Fig. 2b). Treatment with sodium
dithionite partially bleached the visible absorbance (data not shown)
and generated an axial EPR signal with g values of 2.041 and 1.93
(Fig. 3a). The signal had a microwave power at half saturation of
10 mW (10 K) and broadened beyond detection above 25 K—features
typical of [4Fe-4S]1+ clusters26. These observations indicate that, upon
chemical reconstitution, Cfd1 can bind a single [4Fe-4S] cluster.
[Fe-S] cluster binding properties of Cfd1 and Nbp35
The surprising ﬁndings with Cfd1 prompted us to investigate the
[Fe-S] cluster binding properties of both Nbp35 and the Cfd1–Nbp35
complex. Nbp35 contains a cysteine-rich motif at its C terminus that
is similar to that of Cfd1, and it also contains an N-terminal
ferredoxin-like motif (Fig. 1a). The latter was shown to bind sub-
stoichiometric quantities of an [Fe-S] cluster after puriﬁcation of
Nbp35 from E. coli13 (Fig. 2a). Upon chemical reconstitution of
puriﬁed Nbp35 with increasing amounts of up to 20 equivalents of
Fe2+ and S2– per Nbp35 molecule, 8.2 ± 1.6 Fe and 7.3 ± 1.1 S were
bound per Nbp35 (Fig. 2b). Upon coexpression of the Cfd1–Nbp35
complex in E. coli and subsequent isolation, low amounts of iron and
sulfur were copuriﬁed (Fig. 2a). The complex was stable upon
treatment with up to 15 mM EDTA, which
indicates that the [Fe-S] clusters are not
required for complex formation (data not
shown). After chemical reconstitution of
the Cfd1–Nbp35 complex, 12.6 ± 1.2Fe and
11.5 ± 0.4 S were found associated per
heterodimer. Reconstitution of both Nbp35
and Cfd1–Nbp35 resulted in a strongly
increased absorption at 400 nm, with a UV-
Vis spectrum typical of [4Fe-4S] proteins
(Fig. 2b). Intense EPR signals were observed
after reduction (Fig. 3a). The EPR spectrum
of reconstituted Nbp35 was similar to that of
reconstituted Cfd1, but had a decreased line
width and a two-fold increased relative inte-
grated intensity. At higher temperature the
EPR signal disappeared, in agreement with
the presence of [4Fe-4S] clusters in reconsti-
tuted Nbp35 (Supplementary Fig. 2 online).
These results do not exclude, however, the presence of small amounts
of [2Fe-2S] clusters on the reconstituted proteins. Conspicuously,
both the [Fe-S] contents and the spectral features of the reconstituted
individual Cfd1 and Nbp35 components added up in the complex
(Fig. 2b and Fig. 3a). Mutation of a cysteine residue in the C-terminal
cysteine-rich segment of Nbp35 abolished [Fe-S] cluster binding at
this motif (Supplementary Fig. 2). Taken together, these ﬁndings are
compatible with the idea that Nbp35 binds two [4Fe-4S] clusters. One
is coordinated by the N-terminal ferredoxin-like motif, and the other
(analogous to Cfd1) is bound to the C-terminal cysteine-rich motif.
The Cfd1–Nbp35 complex as a composite of the individual constitu-
ents carries three [4Fe-4S] clusters.
To further validate [Fe-S] cluster binding to the C-terminal
cysteine-rich motif of Nbp35, we used a truncated form of Nbp35
lacking the N-terminal 52 amino acids (Nbp3553–328). After puriﬁca-
tion from E. coli, this protein was mainly present in its apoform and
did not contain signiﬁcant amounts of iron and sulfur (Fig. 2a), yet
upon chemical reconstitution the iron and sulfur content and the
UV-Vis spectrum were similar to those of Cfd1 (Fig. 2b). The EPR
spectrum of Nbp3553–328 showed a two-fold lower intensity and
increased line width compared with that of Nbp35, yet was very
similar to that of Cfd1 (Fig. 3b). Spectral subtraction (Nbp35 minus
Nbp3553–328) revealed the EPR ﬁngerprint characterizing the
N-terminal [Fe-S] cluster: an axial signal with g values of 2.046 and
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Figure 2 Cfd1, Nbp35 and the Cfd1–Nbp35 complex bind [Fe-S] clusters. (a)U V - V i ss p e c t r ao f
puriﬁed, nonreconstituted Cfd1 (0.85 mg ml–1), Nbp35 (0.82 mg ml–1), Nbp3553–328 (0.76 mg ml–1)
and Cfd1–Nbp35 complex (0.72 mg ml–1) in 25 mM Tris-HCl, pH 8, 150 mM NaCl. (b) Spectra of the
same proteins after chemical [Fe-S] cluster reconstitution and desalting. Protein concentrations were
1.26, 1.04, 1.01 and 0.90 mg ml–1, respectively. The molar extinction coefﬁcients were calculated
from the ratios of measured absorbance and the respective protein concentrations. Insets: non-heme iron
and sulﬁde contents of the puriﬁed and reconstituted proteins, as indicated (mol/mol). Error bars, s.d.
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ab Figure 3 EPR spectroscopy reveals the presence of similar and distinct
[4Fe-4S] clusters in Cfd1, Nbp35 and the Cfd1–Nbp35 complex.
(a) Chemical reconstitution of puriﬁed Cfd1, Nbp35 and the Cfd1–Nbp35
complex generates a strong EPR signal similar to that of [4Fe-4S] clusters.
The red traces represent ‘as isolated’ proteins, the black traces represent the
proteins after chemical [Fe-S] cluster reconstitution, and the blue trace
represents the sum of experimental spectra of Cfd1 and Nbp35. EPR
amplitudes have been scaled to identical protein concentrations.
(b) Evidence for the presence of two distinct [4Fe-4S] clusters in Nbp35.
The top traces indicate the similar spectral properties of the C-terminal
[Fe-S] clusters present in both reconstituted Nbp3553–328 and Cfd1.
Comparison of the bottom traces reveals that the N-terminal [Fe-S]
cluster of Nbp35 (as estimated by subtraction of the spectrum of
Nbp3553–328 from that of Nbp35) has a considerably sharper spectrum
than the C-terminal cluster. The spectra in b have been scaled to allow
for comparison. EPR conditions: temperature, 10 K; microwave power,
3.2 mW; microwave frequency, 9,460 ± 1 MHz; modulation frequency,
100 kHz; modulation amplitude, 1.25 mT. All samples were reduced
with 2 mM sodium dithionite.
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280 VOLUME 3 NUMBER 5 MAY 2007 NATURE CHEMICAL BIOLOGY1.93, and a narrower line width compared with that of both Cfd1 and
Nbp3553–328 (Fig. 3b). In conclusion, these data show that the
C-terminal cysteine-rich motifs of Cfd1 and Nbp35 have the ability
to bind similar [4Fe-4S] clusters in vitro that are distinct from the N-
terminal [4Fe-4S] cluster of Nbp35.
Leu1 activation by Cfd1- and Nbp35-bound [Fe-S] clusters
The presence of [Fe-S] clusters in isolated Cfd1 and Nbp35 raised the
question as to their molecular function. We noted that the [Fe-S]
clusters bound to Cfd1, Nbp35 and the Cfd1–Nbp35 complex are
rather labile, in particular on exposure to air (Supplementary Fig. 3
online). Labile [Fe-S] clusters have been encountered in, for example,
NifU/IscU/Isu-type scaffold proteins, which are involved in transient
[Fe-S] cluster binding before subsequent transfer to target apo-
proteins27–33. To test the hypothesis that Cfd1 and Nbp35
might serve a similar function and transfer their [Fe-S] clusters to
apoproteins, we made use of the enzymatically inactive apoform of
yeast isopropylmalate isomerase (Leu1) as a recipient [Fe-S] protein.
In vivo studies have established this protein as a genuine target of the
CIA machinery11–14.
[Fe-S] cluster transfer from reconstituted Cfd1, Nbp35 or the Cfd1–
Nbp35 complex to apo-Leu1 was monitored by the activation of the
catalytic function of Leu1. In a typical experiment, 1.25 mM recon-
stituted Cfd1, Nbp35 or complex was incubated with 3.6 mM apo-
Leu1 (Fig. 4a–c). Apo-Leu1 could be rapidly (o1 min) and efﬁciently
(similar to the maximum possible [Fe-S] cluster incorporation by
chemical reconstitution at high Fe2+ and S2– concentrations) activated
by all these proteins, demonstrating the transfer of a [4Fe-4S] cluster
to Leu1. In contrast, activation of Leu1 by chemical reconstitution
using identical amounts of Fe2+ and S2– as those bound to Cfd1,
Nbp35 or the Cfd1–Nbp35 complex occurred rather slowly and
inefﬁciently (Fig. 4a–c). We conclude that the [Fe-S] clusters bound
to Cfd1 and/or Nbp35 can be rapidly and effectively transferred to
target [Fe-S] proteins such as Leu1. This property mimics the behavior
of NifU/IscU/Isu or IscA/Isa proteins, and hence is consistent with a
potential scaffold function of Cfd1 and Nbp35.
We then investigated whether [Fe-S] cluster transfer to apo-Leu1
could occur from canonical [Fe-S] proteins. For this purpose, we
chose the holoforms of a clostridial 2  [4Fe-4S] ferredoxin (Fdx) and
the yeast [2Fe-2S] ferredoxin Yah1, which both contain stable [Fe-S]
clusters. Hardly any [Fe-S] cluster transfer from either Fdx or Yah1 to
apo-Leu1 was observed (Fig. 4d). In these cases, chemical reconstitu-
tion was more efﬁcient in Leu1 activation than the [Fe-S] transfer
from the holoproteins, especially at the relatively high concentrations
of Fe2+ and S2–, which were equivalent to those present in the [Fe-S]
clusters of holo-Fdx. These data clearly show that [Fe-S] clusters
bound to stable [Fe-S] holoproteins do not serve as donors for the
assembly and activation of Leu1.
Finally, we were interested in the stoichiometry of [Fe-S] cluster
transfer. To this end, we used varying molar amounts of reconstituted
Cfd1, Nbp35 and Cfd1–Nbp35 complex for apo-Leu1 activation. The
extent of [Fe-S] cluster transfer to apo-Leu1 was proportional to
added Cfd1, Nbp35 or Cfd1–Nbp35 complex (Fig. 4e). A cluster
transfer stoichiometry of approximately 1:1 was evident for the
transfer from Cfd1 to apo-Leu1. For Nbp35 and the Cfd1–Nbp35
complex the ratio was approximately 0.5, which is consistent with the
presence of two and three [4Fe-4S] clusters per protein, respectively.
Together, these data show a highly efﬁcient, rapid and stoichiometric
[Fe-S] cluster transfer from Cfd1 and Nbp35 to apo-Leu1.
[Fe-S] cluster binding to Cfd1 in vivo requires Nfs1
To test whether the in vitro studies presented above are of relevance
for the function of Cfd1 and Nbp35 in the living cell, we ﬁrst
investigated whether Cfd1 binds [Fe-S] clusters in vivo.T ot h i se n d ,
we used a standard radiolabeling assay15 in which yeast cells
were grown in the presence of 55Fe and the binding of 55Fe to Cfd1
was followed by immunoprecipitation of TAP-tagged protein from
cell extracts. A substantial amount of 55Fe (about ﬁve-fold higher
than the background signal) coimmunoprecipitated with TAP-tagged
Cfd1 (Fig. 5a). Parallel coproduction of Strep-tagged Nbp35
doubled this amount. This observation is consistent with
complex formation between Cfd1 and the [Fe-S] protein Nbp35
(ref. 13; see above).
To conclusively determine whether mononuclear iron or an [Fe-S]
cluster was bound to Cfd1 in vivo, we investigated whether 55Fe
binding was dependent on an active ISC assembly machinery in
Cfd1
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Figure 4 Cfd1–Nbp35-bound [Fe-S] clusters can activate isopropylmalate isomerase Leu1. (a–c) Time course of
Cfd1-mediated (a), Nbp35-mediated (b) and Cfd1–Nbp35 complex-mediated (c) [Fe-S] cluster transfer to apo-Leu1
as monitored by the generation of isopropylmalate isomerase (Leu1) enzyme activity. Reconstituted and desalted CIA
factors (1.25 mM) were anaerobically incubated with 3.6 mM reduced apo-Leu1. As a control, apo-Leu1 was chemi-
cally reconstituted with FeCl3 and Li2S at concentrations equivalent to those determined by metal analysis of the
respective reconstituted CIA proteins (5, 10 and 15 mM). (d) Apo-Leu1 cannot be activated by [Fe-S] cluster trans-
fer from stable [Fe-S] proteins. Chemically reconstituted yeast ferredoxin Yah1 (closed triangles) or a clostridial
ferredoxin (closed circles) was mixed in equimolar amounts with 3.6 mM reduced apo-Leu1, and the Leu1 activity was
measured at the indicated time points. As a control, chemical reconstitution was performed using FeCl3 and Li2Sa t
concentrations equivalent to those present in the respective [Fe-S] holoproteins (7.2 and 29 mM, open symbols).
(e) [Fe-S] cluster transfer to apo-Leu1 (3.6 mM) as a function of the molar ratios of reconstituted Cfd1 (circles),
Nbp35 (diamonds) and Cfd1–Nbp35 complex (triangles) to apo-Leu1. Leu1 activities were measured 2 min after mixing.
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NATURE CHEMICAL BIOLOGY VOLUME 3 NUMBER 5 MAY 2007 281mitochondria. Mutants in ISC components have been shown to be
impaired in their ability to incorporate [Fe-S] clusters into cytosolic
[Fe-S] proteins, even though cytosolic iron concentrations remain
virtually unchanged8,34. We used Gal-NFS1 yeast cells, in which the
NFS1 gene encoding the cysteine desulfurase Nfs1, the essential sulfur
donor of cellular [Fe-S] protein assembly, is under the control of the
galactose-inducible and glucose-repressible GAL1-10 promoter20.I n
this strain Nfs1 could be depleted by growth in the presence of glucose
(Fig. 5b). Repression of NFS1 decreased the amounts of 55Fe immuno-
precipitated with Cfd1-TAP to background levels, even though the
Cfd1-TAP protein level remained unchanged. These results were
virtually identical to [55Fe-S] cluster assembly on the cytosolic [Fe-S]
protein Leu1, which is known to depend on functional Nfs1 for its
maturation15. These ﬁndings and similar data obtained with a yeast
strain depleted in the ISC export component Atm1 (Fig. 5c) strongly
suggest that the 55Fe bound to Cfd1 is part of an [Fe-S] cluster. When
anaerobic conditions were used to perform the immunoprecipitations,
1.8-fold higher amounts of 55Fe were bound to Cfd1 and/or Nbp35
(data not shown), a ﬁnding that is consistent with the oxygen-labile
character of the bound [Fe-S] clusters (Supplementary Fig. 3).
Control experiments with wild-type cells showed that the complete
loss of [Fe-S] cluster assembly on Cfd1-TAP (and on Leu1) upon
depletion of Nfs1 or Atm1 was not due to the shift from galactose to
glucose as a carbon source, although the amount of 55Fe immuno-
precipitated with Cfd1-TAP decreased slightly in glucose-grown cells
(Fig. 5a). We conclude from these data that Cfd1 associates with an
[Fe-S] cluster rather than iron in vivo. Together, the in vitro and in vivo
data indicate that the C-terminal cysteine-rich motif of Cfd1 rep-
resents a novel sequence for binding of a [4Fe-4S] cluster.
Staged [Fe-S] cluster transfer to apoproteins in vivo
Labile [Fe-S] cluster binding to the Cfd1–Nbp35 complex is reminis-
cent of the property of the scaffold proteins IscU/NifU/Isu1 to bind
[Fe-S] clusters. The number of [Fe-S] clusters bound to Isu1 largely
decreases when, for example, Nfs1 or Yah1 are depleted, yet increases
when either the chaperones Ssq1/Jac1 or the glutaredoxin Grx5 are
lacking29,32. These observations suggest that the latter components act
after [Fe-S] cluster assembly on the Isu1 scaffold. To examine whether
the various proteins of the CIA machinery are involved before or after
[Fe-S] cluster assembly on Cfd1 and Nbp35, we made use of the 55Fe
radiolabeling assay described above. Cfd1, Nbp35, Nar1 and Cia1 were
depleted using appropriate CIA gene-regulated yeast strains, and 55Fe
incorporation into TAP-tagged Cfd1 or Nbp35 was investigated by
immunoprecipitation (Fig. 6a–c). When either Cfd1 or Nbp35 were
depleted, we found that Nbp35 was dispensable for 55Fe incorporation
into Cfd1, and vice versa (Fig. 6a)—even though both proteins were
crucial for maturation of cytosolic and nuclear [Fe-S] proteins such as
Leu1, Rli1 and Ntg2, but not for mitochondrial [Fe-S] proteins such
as Bio2 (Fig. 6d)13. We conclude that [Fe-S] cluster assembly on Cfd1
or Nbp35 does not depend on the other P-loop NTPase partner in the
complex, despite the other partner’s essential role in cytosolic [Fe-S]
protein biogenesis. In contrast, when Nar1 and Cia1 were depleted,
[Fe-S] cluster association with Cfd1, Nbp35 and the Cfd1–Nbp35
complex was unaffected or even slightly increased (Fig. 6b,c). Appar-
ently, Nar1 and Cia1 are not involved in the maturation of Cfd1 and
Nbp35, and rather their depletion leads to a slight accumulation of
[Fe-S] clusters on Cfd1 and Nbp35. These results suggest that [Fe-S]
cluster assembly on Cfd1 and Nbp35 occurs independently of both
Nar1 and Cia1. This conclusion is consistent with earlier ﬁndings that
Cia1 acts late (that is, after Nar1) in cytosolic [Fe-S] protein bio-
genesis14. Thus, assembly of the [Fe-S] clusters on Cfd1 and Nbp35
differs markedly from the maturation of canonical [Fe-S] proteins in
that the formers’ [Fe-S] clusters are generated independently of the
other components of the CIA machinery.
We ﬁnally investigated whether Cfd1 and Nbp35 perform a func-
tion in the maturation of Nar1, a CIA protein containing two [Fe-S]
clusters12. 55Fe incorporation into Nar1 decreased by more than 90%
to near-background levels upon depletion of either Cfd1 or Nbp35
(Fig. 6e). Therefore, Nar1 requires the function of both Cfd1 and
Nbp35, but not of Cia1 (ref. 14), for [Fe-S] cluster association.
Together, these results allowed us to chronologically deﬁne the
involvement of the various CIA components in the process of cytosolic
[Fe-S] cluster assembly in a new working model for cytosolic and
nuclear [Fe-S] protein maturation (Fig. 7). First, [Fe-S] clusters are
assembled on Cfd1 and Nbp35, a process depending on the mito-
chondrial ISC assembly and export machineries. Both Cfd1 and
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Figure 5 Assembly of an [Fe-S] cluster on Cfd1 in vivo depends on Nfs1. (a) Wild-type (WT) yeast cells were transformed with plasmids containing no insert
(–) or genes encoding Cfd1-TAP or Nbp35-Strep. Cells were grown for 24 h in galactose (Gal)- or glucose (Glc)-containing minimal medium, and then for
16 h in minimal medium lacking added iron. Cells were radiolabeled with 55Fe, extracts were prepared and Cfd1-TAP was immunoprecipitated (efﬁciency
4 95%). The amount of radioactive iron associated with Cfd1-TAP per gram of wet cells was quantiﬁed by scintillation counting. (b,c) Gal-NFS1 (b)a n d
Gal-ATM1 (c) cells with or without a plasmid for overproduction of Cfd1-TAP were grown in galactose- or glucose-containing minimal medium for 16 or 40 h
as indicated. Radiolabeling with 55Fe was performed, and 55Fe associated with Cfd1-TAP, or Leu1 as a control, was determined as in a. The bottom panels
show immunostains of the indicated proteins in cell extracts. Error bars, s.d.
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282 VOLUME 3 NUMBER 5 MAY 2007 NATURE CHEMICAL BIOLOGYNbp35 are required for [Fe-S] cluster insertion into Nar1. Finally, the
latter protein and Cia1 are essential for [Fe-S] cluster transfer from
Cfd1 and Nbp35 to true target proteins. In summary, these in vivo
data combined with the in vitro [Fe-S] cluster binding and transfer
experiments suggest that the Cfd1–Nbp35 complex can assemble
[Fe-S] clusters and transfer them to Nar1 and cytosolic or nuclear
target [Fe-S] proteins. Cfd1 and Nbp35 thus fulﬁll the criteria for a
scaffold system in cytosolic and nuclear [Fe-S] protein assembly.
DISCUSSION
In this article, we have analyzed the molecular function of the P-loop
NTPases Cfd1 and Nbp35, which perform a crucial role in the
biogenesis of cytosolic and nuclear [Fe-S] proteins. The two proteins
have a genetic interaction13 and form a stable complex in vivo,w h i c h
suggests that their cooperation is of functional importance. This
notion is consistent with the fact that both proteins are encoded by
essential genes. Thus, a single protein cannot replace the function of
the partner, which indicates nonredundant functions of each compo-
nent. Both Cfd1 and Nbp35 can associate with a [4Fe-4S] cluster at
their C termini in vitro, and Nbp35 binds another [4Fe-4S] cluster at
its N terminus13. The clusters are labile, and can be rapidly and
efﬁciently transferred to the Leu1 [Fe-S] apoprotein in vitro to activate
its enzymatic function as an isopropylmalate isomerase. This situation
mimics [Fe-S] cluster transfer from, for example, the IscU/NifU/Isu or
IscA scaffold proteins to target apoproteins3–5,9.I m p o r t a n t l y ,[ F e - S ]
cluster association on the C termini of Cfd1 and Nbp35 is also
observed in vivo. Assembly of the [Fe-S] clusters depends on the
function of the mitochondrial ISC components Nfs1 (a cysteine
desulfurase) and Atm1 (an inner membrane ABC transporter)
(Fig. 7). In this sense, the [Fe-S] clusters of Cfd1 and Nbp35 are
matured in a fashion similar to that of [Fe-S] clusters of other
cytosolic and nuclear [Fe-S] proteins, for which a strict dependence
on the function of the mitochondrial ISC assembly and export
machineries has been established8. In marked contrast, [Fe-S] cluster
association on Cfd1 occurs independently of Nbp35 and vice versa,
which shows that these CIA proteins can assemble their clusters in the
absence of the respective partner protein. Furthermore, [Fe-S] cluster
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Figure 6 Staging and requirement of the CIA
components in [Fe-S] protein maturation.
(a) [Fe-S] cluster assembly on Cfd1 does not
depend on Nbp35 and vice versa. Gal-CFD1
and Gal-NBP35 yeast cells were transformed
with plasmids encoding Nbp35-TAP and Cfd1-
TAP, respectively. Growth of cells for 40 h in
Gal- and Glc-containing medium, 55Fe labeling
and detection of [55Fe-S] cluster incorporation
into the TAP-tagged proteins were performed as
described in Figure 5.( b,c)[ F e - S ]c l u s t e r
assembly on Cfd1 and/or Nbp35 is not affected
by depletion of Nar1 (b)o rC i a 1( c). Growth of
Gal-NAR1 and Gal-CIA1 cells, 55Fe labeling
and detection of [55Fe-S] cluster assembly on
the indicated TAP-tagged proteins was performed
as described in Figure 5. Where indicated,
Nbp35-Strep was coexpressed with Cfd1-TAP.
(d) Cfd1 is required for de novo [Fe-S] cluster
incorporation into cytosolic and nuclear target
[Fe-S] proteins. Gal-CFD1 cells were used for
assaying the maturation of the indicated [Fe-S]
proteins by the radiolabeling assay described
in Figure 5, using speciﬁc antibodies against
Bio2 or Leu1 and antibodies against the
hemagglutinin (HA) tag of tagged Rli1 or Ntg2.
(e) [Fe-S] cluster assembly on Nar1 depends
on both Cfd1 and Nbp35. Gal-CFD1 and
Gal-NBP35 cells containing a plasmid for
synthesis of Nar1-HA where indicated were
grown and 55Fe labeled as in a, and the amount
of 55Fe bound to Nar1-HA was estimated by
scintillation counting. The lower parts of the
ﬁgures show the immunostaining of indicated
proteins in cell lysates. Error bars, s.d.
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Figure 7 A working model for [Fe-S] protein assembly in the eukaryotic
cytosol. Mitochondria, with the help of the ISC machineries, export a still-
unknown compound to the cytosol, where it is used for assembly of [Fe-S]
clusters on Cfd1 and Nbp35 (blue arrows). These clusters are transferred to
Nar1 to functionally activate this essential CIA component (dashed arrows).
Assisted by Nar1 and Cia1, newly assembled [Fe-S] clusters on Cfd1 and
Nbp35 are passed on to apoproteins (Apo) to form functional holoproteins
(Holo) such as Leu1 (black arrows). Red and yellow circles, iron and sulfur
ions, respectively.
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NATURE CHEMICAL BIOLOGY VOLUME 3 NUMBER 5 MAY 2007 283assembly on Cfd1 and Nbp35 does not require the function of the
other two CIA components, Nar1 and Cia1, even though these
proteins are indispensable for the maturation of typical cytosolic
and nuclear [Fe-S] proteins12,14 (Fig. 7). In that sense, the pathway
for maturation of the [Fe-S] clusters on Cfd1 and Nbp35 differs
greatly from that of other [Fe-S] proteins of this cellular location.
These results clearly show that the [Fe-S] proteins Cfd1 and Nbp35
do not behave as canonical targets of the CIA machinery. How can this
CIA machinery-independent assembly of the [Fe-S] clusters on
Cfd1 and Nbp35 be explained? The assembly process has some
similarities to de novo [Fe-S] cluster synthesis on the mitochondrial
scaffold protein Isu1, which requires some components of the ISC
assembly machinery (for example, Nfs1 and Yah1), but which
occurs independently of other ISC proteins, such as the chaperones
Ssq1/Jac1 (refs. 29,32). Hence, our data strongly suggest a scaffold
function of the Cfd1–Nbp35 complex. After their assembly, the
Cfd1- and Nbp35-bound [Fe-S] clusters are transferred to down-
stream targets including the CIA component Nar1, which binds two
[Fe-S] clusters and thereby is converted into a functional CIA
component (Fig. 7). The pathway of Nar1 maturation is therefore
similar to that of the [2Fe-2S] protein Yah1, which is both an ISC
assembly component and a target [Fe-S] protein requiring the other
ISC proteins for its maturation16,29.
According to our data, Nar1 and Cia1 are not involved in the
de novo synthesis of [Fe-S] clusters in the cytosol, but rather their role
is conﬁned to later steps in the maturation process—for instance, the
transfer of the [Fe-S] clusters from Cfd1 and Nbp35 to true target
[Fe-S] proteins such as Leu1, Rli1 and Ntg2 (Fig. 7). In our in vitro
system, the transfer of [Fe-S] clusters from Cfd1 and Nbp35 to
apoproteins did not require the functions of Nar1 and Cia1. This
bypass resembles the [Fe-S] cluster transfer from the bacterial and
mitochondrial scaffolds IscU/NifU/Isu and IscA/Isa to apoproteins,
which in vitro also does not depend on, for example, the dedicated
chaperone system27–32. It is therefore important to further develop our
in vitro system to allow the elucidation of the precise functional role of
Nar1 and Cia1 (see ref. 33).
Cfd1 and Nbp35 are highly conserved in eukaryotes and typically
have 45% amino acid sequence identity. Both proteins belong to the
Mrp/Nbp35 subclass of the large family of P-loop NTPases, which are
proteins of rather diverse cellular functions35. Other members of this
subclass include the bacterial protein ApbC, which also performs a
(still unknown) function in [Fe-S] protein biogenesis36. Deletion of
the plant-speciﬁc P-loop NTPase Hcf101 leads to a deﬁciency in
photosystem I37,38. This was taken to suggest a role for this protein in
the assembly of [Fe-S] clusters in photosystem I. Together, these data
raise the possibility that this subclass of P-loop NTPases have a role in
[Fe-S] protein assembly. Notably, all these members of the Mrp/
Nbp35 subclass have several conserved cysteine residues at their
C termini that in principle could coordinate transiently bound
[Fe-S] clusters. Importantly, both the positions and numbers of the
C-terminal cysteine residues in Cfd1, Nbp35, ApbC and Hcf101 differ.
Thus, it will be necessary to examine whether the latter two proteins
indeed function as a scaffold. The precise role of the four conserved
C-terminal cysteine residues in both Cfd1 and Nbp35 in [Fe-S] cluster
coordination has not been investigated in detail so far, but at least the
two central residues of the four cysteine residues in Cfd1 have been
shown to be essential for cell viability, and thus for function of this
protein11. Given that these two positions are conserved in Cfd1,
Nbp35 and ApbC, and are of importance for [Fe-S] cluster binding
to Cfd1 and Nbp35 (D.J.A.N., A.J.P. and R.L., unpublished data), they
may perform a crucial task in these three proteins.
Our biophysical and biochemical studies reported here indicate that
Cfd1 and Nbp35 bind one and two [4Fe-4S] clusters (respectively),
which can be transferred to [Fe-S] apoproteins. In yeast only [4Fe-4S]
proteins have been identiﬁed outside mitochondria8.I tt h e r e f o r e
seems reasonable to suggest that the Cfd1–Nbp35 complex is speciﬁc
for transfer of this type of [Fe-S] center. Low-temperature EPR
spectroscopy shows that the [Fe-S] clusters at the C termini of Cfd1
and Nbp35 have highly similar properties. In contrast, the [Fe-S]
cluster associated with the N terminus of Nbp35 has features character-
istically different from those of the C-terminal cluster, which suggests
that the chemical environment of both [Fe-S] clusters (and hence their
function) may be distinct. It is clear that the C-terminal [Fe-S] clusters
in both proteins can be transferred to the target apoprotein Leu1.
However, our data do not allow us to deﬁne whether both [Fe-S]
clusters of Nbp35 are transferred under in vivo conditions. The
stoichiometry of transfer in vitro may indicate that Nbp35 can indeed
pass on both of its clusters, but a similar stoichiometry is seen with the
Cfd1–Nbp35 complex, which suggests a more stable binding of the
N-terminal [Fe-S] cluster in this situation. This view is in keeping with
our previous13 and current experiments (Supplementary Fig. 3),
which indicate a more stable association of the N-terminal [Fe-S]
cluster of Nbp35 as compared with the C-terminal one. It is therefore
possible that the ferredoxin-like motif at the N terminus of Nbp35
provides a stable coordination domain for the [Fe-S] center.
The data presented here provide the ﬁrst mechanistic insights into
how the various CIA proteins might facilitate [Fe-S] protein matura-
tion in the eukaryotic cytosol (Fig. 7). It is clear from numerous
studies that mitochondria have a critical role in this biosynthetic
reaction. Given that the cysteine desulfurase Nfs1 in both yeast and
human HeLa cells is required inside mitochondria for its role in
cytosolic [Fe-S] protein assembly, the sulfur moiety needed for
cytosolic [Fe-S] clusters in all likelihood is exported from mito-
chondria15,20,21. However, the form in which sulfur is transferred
from the matrix to the cytosol is unclear. Similarly, it is not known yet
where the iron ions join the biosynthetic process. On the one hand,
iron might enter mitochondria to become re-exported, possibly as
part of a preassembled [Fe-S] cluster or a precursor thereof 39. Surely
such a moiety must be chelated to become stable for transport. On the
other hand, iron might be added from the cytosolic pool during de
novo synthesis of [Fe-S] clusters on the Cfd1–Nbp35 scaffold. Our new
ﬁndings pave the way to develop an in vitro system to address this key
question of eukaryotic [Fe-S] protein biogenesis.
The process of [Fe-S] protein biogenesis, apart from being a
fundamental and essential biosynthetic pathway, is of considerable
interest for human disease. So far, two diseases have been linked to
components of the mitochondrial ISC machineries. The matrix pro-
tein frataxin (yeast Yfh1) serves as the iron donor for mitochondrial
[Fe-S] protein biogenesis40–42, and a functional depletion of this
protein elicits the neurodegenerative disease Friedreich ataxia43.M u t a -
tions in the ABC transporter ABCB7 (corresponding to yeast Atm1)
are associated with defects in cytosolic [Fe-S] proteins, and in humans
they cause the iron storage disease X-linked sideroblastic anemia and
cerebellar ataxia19,44. The recent identiﬁcation of archaeal DNA
helicases as a new type of [Fe-S] protein may add a new facet to
this issue45. These proteins are involved in, for example, nucleotide
excision repair, and they are highly conserved in eukaryotes, including
yeast and humans, which raises the possibility that eukaryotic helicases
may also contain an [Fe-S] cluster. Mutations in several members of
these DNA helicases, including potential [Fe-S] cluster coordination
sites, are linked to numerous diseases such as xeroderma pigmento-
sum, Cockayne syndrome and Fanconi anemia. The nuclear
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machinery, which is highly conserved in eukaryotes from yeast to
humans8. Understanding the mechanisms underlying [Fe-S] protein
biogenesis in the eukaryotic cytosol is therefore not only of funda-
mental biochemical importance but may also be of medical interest.
Our initial insights into the functional action of the CIA proteins Cfd1
and Nbp35 indicate that yeast may provide an excellent model system
to further unravel this complex pathway.
METHODS
Yeast strains and cell growth. The S. cerevisiae strain W303-1A (MATa, ura3-1,
ade2-1, trp1-1, his3-11,15 and leu2-3,112) served as the wild type from which
the following mutant strains were derived: Gal-NAR1 (ref. 12), Gal-NBP35
(ref. 13), Gal-CIA1 and Gal-CFD1 (ref. 14), Gal-NFS1 (ref. 20) and Gal-ATM1
(ref. 15). Cells were grown in rich (YP) and minimal (SC) media, containing
the required carbon sources at a concentration of 2% (w/v)46.
Protein over-production and puriﬁcation. F o ro v e r e x p r e s s i o ni nE. coli or
S. cerevisiae, CFD1 and NBP35 genes were ampliﬁed from the genomic DNA of
S. cerevisiae strain W303-1A by PCR and cloned into the multiple cloning sites
of the vectors shown in Supplementary Table 1. All resulting constructs were
sequenced, and the yeast vectors encoding tagged proteins were tested for
complementation of the growth defects of Cfd1- or Nbp35-depleted yeast cells.
CFD1 and NBP35 were (co-)overexpressed in E. coli strain BL21(DE3) cells that
were transformed successively with pOFXtac SL2 (GroEL; ref. 47), pISC (ISC
operon; ref. 48), and either pET-15b or pETDuet-1 (see Supplementary
Table 1). E. coli cells were grown in LB medium at 37 1C to an optical density
of 0.5. After shifting to 21 1C, 50 mM FeCl3 and 1 mM IPTG were added, and
growth was continued for 16 h. Cells were collected and stored at –80 1C. For
quantitative chemical analyses of iron and sulﬁde, UV-Vis and EPR spectro-
scopy, and in vitro [Fe-S] cluster transfer studies we used Ni-NTA agarose-
puriﬁed Cfd1 and/or Nbp35 that was synthesized from the following plasmids:
pETDuet-1-CFD1-His(MCS1), pET-15b-NBP35-His and pETDuet-1-CFD1-
His(MCS1)-NBP35-Strep(MCS2). E. coli cells were resuspended in the appro-
priate buffer for Ni-NTA agarose (Qiagen) or Strep-Tactin (IBA) puriﬁcation.
Cells were disrupted at 4 1C by one passage at 1.0  108 Nm –2 through a
high-pressure homogenizer (EmulsiFlex-C3, Avestin). After centrifugation
(100,000g,4 5m i n ,41C), puriﬁcation was continued according to the
manufacturer’s instructions.
In the case of Nbp35-His, which bound only weakly to Ni-NTA agarose,
imidazole was replaced by histidine and used at 1-, 5- and 150-mM concentra-
tions in lysis, wash and elution buffers, respectively. Proteins were desalted
immediately after elution using a PD-10 column (GE Healthcare) equilibrated
with 25 mM Tris-HCl, pH 8.0, 150 mM NaCl and 10% (v/v) glycerol (PD-10
buffer). The puriﬁed proteins were aliquoted, shock-frozen and stored at
–80 1C. Leu1-His was insoluble when overproduced in E. coli BL21 transformed
with pET-15b-LEU1-His. To enhance the solubility, cells were grown in LB
medium supplemented with 3% (v/v) ethanol at 37 1C, followed by induction
at 30 1C for 2 h. 80% of the puriﬁed Leu1-His was in the apoform based
on its iron and sulfur content, and 498% was in the apoform as judged
from its speciﬁc activity. For Yah1 expression in E. coli, the coding information
of YAH1 was inserted into plasmid pET-15b, and the recombinant protein
was puriﬁed as described for another ferredoxin49. A clostridial ferredoxin was
in the holoform after puriﬁcation and was directly used for [Fe-S] cluster
transfer experiments50.
Chemical reconstitution and transfer of [Fe-S] clusters. Cfd1, Nbp35,
the Cfd1–Nbp35 complex, Leu1 and Yah1 were chemically reconstituted
under anoxic conditions (95% N2 and 5% H2) in an anaerobic chamber
(Coy Laboratory Products). Typically, proteins were preincubated at
a concentration of 10–50 mM in PD-10 buffer containing 1% (v/v)
b-mercaptoethanol for 1 h at 25 1C. After addition of up to 20 moles of both
FeCl3 and Li2S per mole protein (see Results), the solution was incubated for
2–3 h. Reconstituted proteins were desalted on a PD-10 column. Incorporation
of the [Fe-S] clusters into apoproteins was monitored by UV-Vis spectroscopy
(V-550, Jasco Inc.).
Puriﬁed recombinant Cfd1, Nbp35, and the Cfd1–Nbp35 complex were
tested for their ability to transfer their bound [Fe-S] clusters to the apoform of
yeast isopropylmalate isomerase (apo-Leu1). Under strictly anoxic conditions
variable amounts of Cfd1, Nbp35 and Cfd1–Nbp35 complex were added to
apo-Leu1, which had been incubated for 1 h with 1% (v/v) b-mercaptoethanol
in PD-10 buffer. Samples were taken at various time points and immediately
assayed for isopropylmalate isomerase enzyme activity46.
Miscellaneous methods. The following published methods were used: mani-
pulation of DNA and PCR, transformation of yeast cells with plasmids51, 55Fe
incorporation into [Fe-S] apoproteins in vivo15,46, and quantitation of non-
heme iron and acid-labile sulfur12. EPR spectra were recorded with a Bruker
ESP 300E X-band spectrometer, equipped with an Oxford Instruments ESR910
helium ﬂow cryostat12.
Note: Supplementary information is available on the Nature Chemical Biology website.
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Supplementary Table 1. Constructs used in this work 
 
 
Plasmid Restriction  enzymes 
c Reference 
E. coli  
pET-15b-NBP35-His  NdeI (VspI)-XhoI this  work 
pET-15b-NBP35-Strep  XhoI-BamHI  Ref. 
13 
pETDuet-1-NBP3553-328-His  BamHI-HindIII this  work 
pET-15b-LEU1-His  NdeI- XhoI this  work 
pETDuet-1-CFD1-Strep
a (MCS1)  NcoI-BamHI this  work 
pETDuet-1-CFD1-His (MCS1)  (MCS1): NcoI-BamHI fragment of CFD1 cloned 
into NdeI-BamHI of pET-15b 
this work 
pETDuet-1-CFD1-His (MCS1)- 
NBP35-Strep
a (MCS2) 
Derived from pETDuet-1-CFD1-His (MCS1) 
(MCS2): BglII-XhoI 
this work 
pETDuet-1-CFD1-Strep (MCS1)- 
NBP35 (MCS2) 
Derived from pETDuet-1-CFD1-Strep
a (MCS1) 
(MCS2): NdeI (VspI)-XhoI 
this work 
Yeast 
p424-TDH3-CFD1-TAP
 b  SpeI-BamHI this  work 
p424-TDH3-NBP35-TAP
 b  SpeI (XbaI)-BamHI this  work 
p426-TDH3-CFD1-Strep 
b  XbaI-BamHI fragment of pETDuet-1-CFD1-Strep
a 
(MCS1) 
this work 
p426-TDH3-NBP35-Strep 
b  HindIII-XhoI Ref. 
13 
  
a The Strep-tag was inserted by PCR amplification using an oligonucleotide encoding the 
Strep-tag II sequence 
25.  
b  See Ref. 
51. The C-terminal TAP-tag did not interfere with the function of Cfd1 or Nbp35, as 
expression of fusion genes under the TDH3 (not shown) or the endogenous promoter 
(http://web.uni-frankfurt.de/fb15/mikro/euroscarf/cellzome.html) yielded viable strains.  
c Restriction enzymes refer to those used for digestion of the listed vector and the fragment 
obtained by PCR amplification of chromosomal DNA. Restriction sites were introduced into 
the PCR fragments by the use of appropriate primers. In case of ligation of compatible 
overhangs the bracketed restriction enzyme refers to that introduced by PCR amplification 
and used for digestion of the PCR fragment.  
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Supplementary Figure 1: Stable complex formation between Cfd1 and Nbp35. (a) 
Elution profile of recombinant, purified Cfd1/Nbp35 complex after analytical gel filtration 
chromatography on a Shodex Protein KW-800 column. According to immunostaining 
analysis both proteins co-eluted in a single peak at an apparent molecular mass of 140 kDa. 
Buffer conditions: 25 mM Tris-HCl, pH 8.0, 150 mM NaCl. Flow rate, 1 ml/min. (b) 
Purification of the complex formed between recombinant Cfd1-His (C) and Nbp35-Strep (N) 
was performed by Ni-NTA affinity chromatography in the presence of 2 M NaCl (left) or 20 
mM  β-mercaptoethanol (β-ME). Samples were analysed by SDS-PAGE and Coomassie 
staining using aliquots derived from the cell extract loaded onto the resin (CE), the flow-
through fractions (FT), the wash fractions (W) and three eluate fractions (E3 to E5).  
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Supplementary Figure 2: Spectroscopic properties of Nbp35 and its C253A mutant. 
(a) Temperature and microwave power dependence of the EPR spectrum of dithionite-
reduced wild-type Nbp35. EPR conditions: temperature and microwave power, as indicated, 
microwave frequency 9,460 ± 1 MHz, modulation frequency 100 kHz, modulation amplitude 
1.25 mT. EPR amplitudes have been scaled to 10 K and 0.05 mW. (b) UV-VIS spectra of 
purified, non-reconstituted (0.4 mg/ml) and reconstituted (0.27 mg/ml) C253A-Nbp35 in 25 
mM Tris-HCl, pH 8, 150 mM NaCl. The molar extinction coefficients were calculated from 
the ratios of measured absorbance and the respective protein concentrations. Inset: 
Comparison of the non-heme iron and sulfide content (mol/mol) of wild-type Nbp35 with the 
C253A-Nbp35 mutant, both after chemical reconstitution. (c) EPR spectroscopic features of 
the N-terminal Fe-S cluster of Nbp35. The top traces show that C253A-Nbp35 (blue), which 
only harbours the N-terminal cluster due to mutation of a C-terminal ligand, has a sharper 
EPR spectrum than Nbp3553-328 (black), which only carries the C-terminal cluster. From the 
bottom traces it can be appreciated that the sharp signal experimentally detected in C253A-
Nbp35 (blue) has EPR spectroscopic features comparable to those obtained by subtraction of 
Nbp3553-328 from Nbp35 (red). All EPR samples were reduced with 2 mM sodium dithionite. 
The blue and red spectra are identical to the lower traces shown in Fig. 3b. 
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Supplementary Figure 3: The Fe/S clusters bound to Cfd1, Nbp35, or the Cfd1/Nbp35 
complex are labile in the presence of oxygen. The Fe/S cluster content of chemically 
reconstituted Cfd1 (a), Nbp35 (b) and Cfd1/Nbp35 complex (c) was monitored by UV-VIS 
spectroscopy. Spectra of the holoproteins (Cfd1, 1.26 mg/ml; Nbp35, 1.04 mg/ml and 
Cfd1/Nbp35 complex, 0.89 mg/ml) were recorded before (top traces), and after 5, 18, 32 and 
60 min of exposure to air. Insets: The absorbance at 400 nm was plotted as a function of time 
after exposure to air.  
 
 